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Abstract
Ecological systems may occur in alternative states that differ in ecological structures, functions and processes.
Resilience is the measure of disturbance an ecological system can absorb before changing states. However, how the
intrinsic structures and processes of systems that characterize their states affects their resilience remains unclear.
We analyzed time series of phytoplankton communities at three sites in a floodplain in central Spain to assess the
dominant frequencies or “temporal scales” in community dynamics and compared the patterns between a wet and a
dry alternative state. The identified frequencies and cross-scale structures are expected to arise from positive
feedbacks that are thought to reinforce processes in alternative states of ecological systems and regulate emergent
phenomena such as resilience. Our analyses show a higher species richness and diversity but lower evenness in the
dry state. Time series modeling revealed a decrease in the importance of short-term variability in the communities,
suggesting that community dynamics slowed down in the dry relative to the wet state. The number of temporal scales
at which community dynamics manifested, and the explanatory power of time series models, was lower in the dry
state. The higher diversity, reduced number of temporal scales and the lower explanatory power of time series
models suggest that species dynamics tended to be more stochastic in the dry state. From a resilience perspective
our results highlight a paradox: increasing species richness may not necessarily enhance resilience. The loss of
cross-scale structure (i.e. the lower number of temporal scales) in community dynamics across sites suggests that
resilience erodes during drought. Phytoplankton communities in the dry state are therefore likely less resilient than in
the wet state. Our case study demonstrates the potential of time series modeling to assess attributes that mediate
resilience. The approach is useful for assessing resilience of alternative states across ecological and other complex
systems.
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Introduction
Ecological resilience is most simply defined as the amount of
disturbance a system can tolerate without changing its original
structure, processes, functions and feedbacks [1]. When critical
thresholds are exceeded, ecological systems can undergo a
regime shift; that is, they are pushed to an alternative state with
new structures, functions and processes [2-4]. Despite
ecological patterns and processes differing between alternative
states, the resilience that emerges from these distinct patterns
and processes may not necessarily differ between states. In
practice this means that alternative states can be as resilient as
prior states and resist returning to a state that existed prior to a
regime shift (hysteresis) [5]. Understanding ecological patterns
and processes that affect the resilience of alternative states is
critical [6]. However, the complex nature of ecological systems,
including multidimensional, hierarchical and nonlinear
phenomena, has hindered the objective assessment of
resilience of alternative states to disturbances in ecological
systems. In this paper, we use time series modeling to identify
attributes of resilience (within and cross scale structure) of
alternative states. We demonstrate the potential of the
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approach using phytoplankton community dynamics in
alternative states of a semiarid floodplain.
Theory and empirical research suggest that the dynamic
structure of ecosystems is controlled by a small set of
ecological processes that operate at characteristic temporal
and spatial scales [7-10]. Biological interactions entrain
community assembly relatively quickly at local spatial (habitat)
scales. Biogeographical processes influence communities over
regional spatial and paleoecological temporal scales.
Phylogenetic factors are mainly evident over spatially large
scale domains with slow dynamics. A multi-scale
spatiotemporal perspective of ecosystems is useful because
resilience emerges from a reinforcement of structures and
processes (i.e. feedbacks) that operate within and across
scales [11,12]. For instance, community change in subarctic
lakes has been shown to be scale-specific, with a subgroup of
littoral invertebrates tracking slow changes of regional
environmental conditions, while other subgroups responded to
faster-changing processes that were unrelated to
environmental change [13]. In this example, resilience emerges
from cross-scale reinforcement of structures.
Tools have been developed that allow quantification and
comparison of sudden changes in ecological patterns (i.e.
discontinuity analyses [14]). That is, the ability to measure and
quantify discontinuities provides insight regarding the number
of dominant scales of process and structure that are present in
a system [15], and can therefore serve as a means to assess
cross-scale structures that can be important for reinforcing
processes across scales in specific states of ecological
systems. Multivariate time series modeling can identify
temporal structure in data sets [16,17]. It identifies different
temporal frequency patterns in the abundance or biomass
structure of communities. The temporal patterns and frequency
structure that can be discerned have upper bounds set by the
limit of the temporal extent of the data series, and lower
bounds set by the frequency of sample collection. It allows an
assessment of the dynamic compositional structure in
ecological communities that most likely arises from, and thus
reflect, processes that steer community dynamics in a specific
state. An advantage of time series modeling is that it captures
patterns of dynamic structure without the need to understand
the full range of causality [18]. Because the method allows
tracking temporal variability within a time scale (e.g. decadal,
inter-annual or seasonal) and among these time scales, we are
able to infer the temporal cross-scale structure by assessing
community dynamics at different temporal scales [17].
Multivariate time series modeling can test for the presence of
temporal frequencies in species abundance and biomass, and
the prevailing periods of these cycles. We can then determine
the distribution of species within and across these temporal
scales, to provide a tool to assess resilience. For instance,
species richness explains the resilience of ecosystems [19,20]
but this may not be generalizable across systems because
species evenness patterns rather than richness can also
influence resilience [21]. Time series modeling can untangle
the importance of richness mediating resilience because it
explicitly accounts for a compartmentalization of diversity by
scale; it also allows for an assessment of the distribution of
functional groups within and across these scales, which is
relevant for understanding resilience [11,13]. For example, only
a few dominant species might explain fluctuation frequencies at
a few temporal scales detected in a hypothetical system state
A, relative to a system state B where both species richness
within scales and the number of scales is higher. The resilience
of state B is likely higher, not only because of a higher cross-
scale structure, but also a higher within-scale redundancy of
patterns (species distributions within temporal scales),
suggesting a stronger reinforcement of functions and
processes, strengthening the feedbacks that maintain systems
in a specific state.
In this study, we examine both within and cross scale
distributions of species to assess aspects of relative resilience
of alternative states. We study these resilience aspects in a
floodplain wetland in semiarid Spain as a model system.
Wetlands are ecosystems that are strongly regulated by
hydrological disturbance, which in turn is regulated by climate
[22]. In dryland countries, the variability between wet and dry
alternating phases can be very pronounced [23], causing
changes in habitat availability, water quality, thermal stress,
trophic conditions, resource competition, and the importance of
stochastic versus deterministic community assembly processes
[24-27]. Although alternating wet and dry phases characterize
the seasonal disturbance regime at the ecosystem and
landscape scale [28], climate change increases the magnitude,
frequency and duration of extreme wet and dry spells [29,30],
especially in arid countries [31]. These transitions can be non-
linear [32], triggering state shifts in hydrological functioning and
biological communities [33-36]. Thus, non-linear abiotic and
biotic changes triggered by climatic extreme events suggest
that ecosystems can shift between alternative wet and dry
states on supraseasonal time scales. These state shifts need
to be discerned from the seasonally recurring wet-dry phases.
The increased likelihood of state shifts in ecosystems resulting
from global change is increasingly recognized [19,37].
In this paper we study resilience characteristics in this
context. We discerned an abrupt transition of a supraseasonal
wet period resulting from extreme precipitation events (1997,
1998) to a period of prolonged drought (2000, 2001) from
seasonally recurring wet-dry phases in the wetland. The non-
linear change of hydroperiods identified highlights the presence
of two distinct abiotic states in the wetland for which substantial
differences in abiotic and biotic conditions have been shown
(overview in [38]). Hydroperiod and water dynamics critically
control plankton structure, function and processes in wetlands
and shifts in hydrological condition inevitably lead to a profound
re-organization of phytoplankton communities [39,40]. We
assessed community dynamics and resilience attributes of
phytoplankton (resilience of what [41]) to the ecological
conditions within these wet and dry states (resilience to what).
Ideally, alternative equilibria can be established as such after
a complete community turnover [42] (but see 43).
Phytoplankton fulfills this criterion in the context of our study,
which is comprised of two-years of wet and dry periods.
Phytoplankton have short generation times (days to weeks
[44]) and their dynamics capture relevant ecological processes
during these periods. Therefore, phytoplankton are ideal
Alternative States and Resilience
PLOS ONE | www.plosone.org 2 October 2013 | Volume 8 | Issue 10 | e77338
organisms to assess alternative equilibria (alternative states)
over the two-years of wet and dry periods of our study. The
main study hypothesis of this paper is that patterns and
processes of phytoplankton community dynamics differ
between wet and dry states in the floodplain, reflecting the
reorganization of communities due to changes in the driving
processes of hydroperiods and flooding regimes. These
differences should be manifested in the within-scale (species
richness compartmentalized by scale) and cross-scale
(temporal scales of fluctuations patterns) structure of
phytoplankton community dynamics between both states.
Using phytoplankton dynamics in the floodplain for
demonstration, we expect that the time series modeling
approach used here can be used in other studies to assess the
relative resilience of alternative states in ecological and other
complex systems.
Materials and Methods
Ethics statement
All field sampling and laboratory analyses reported in this
study complied with national and international standards, and
was authorized by the Spanish national park authority. The
field studies did not involve endangered or protected species.
Site description
Las Tablas de Daimiel National Park is a 1675-ha floodplain
wetland (0.91 m average depth) situated in the Guadiana River
watershed in central Spain (39°08’N, 3°43’W; Figure 1). We
studied phytoplankton community dynamics at three sites
(designated PG, MM, PN) that are highly idiosyncratic in terms
of abiotic and biotic characteristics. PG is dominated by
emergent macrophytes and fluctuates between a shallow pond
or channelized system with riverine flow depending on the
timing of major flooding events in the wetland. MM is a shallow
turbid pond with some vegetation cover and a highly variable
hydroperiod. PN is a deeper site with more stable hydroperiods
resulting from damming (Figure 1a). Community dynamics
were studied during two-year periods in contrasting wet and dry
states (Figure 1b). These periods have been identified by
means of the STARS (Sequential t-test analysis of regime
shifts) algorithm, a method used for detecting regime shifts in
univariate time series [45], using flooded area as a surrogate
for climate-induced changes in ecological patterns and
processes (see Appendix S1). Further information about this
wetland can be found in [38].
Sampling
Biovolume of phytoplankton taxa was measured at monthly
intervals at PG, MM and PN during contrasting hydrological
periods (wet state, 1997 and 1998; dry state, 2000 and 2001;
Figure 1b), resulting in equidistant time series of 24 months per
site and state. Given this sampling resolution we were able to
model temporal frequency patterns from monthly to inter-
annual (2 years) scales in both states. The PG site could not
be sampled on several occasions during the wet state because
flooding limited access. No time series modeling could
therefore be made for this site for the wet state. Lugol-fixed
phytoplankton samples were measured, counted, and
taxonomic composition evaluated following [46]. Their
biovolume (mm3 L-1) was calculated following the methods
described in [47].
Statistical analyses
Community metrics – We first assessed metrics that are
commonly used in community ecology to characterize the
phytoplankton community during the wet and dry states. Total
biovolume, taxon richness (“richness”), and the Shannon-
Wiener diversity index based on biovolume distributions among
taxa were calculated for each sampling month per site and
state (wet vs dry) using the software Primer 6 (Primer-E Ltd,
Plymouth, UK). The Shannon-Wiener index was transformed
into its number equivalents by exponentiation to make richness
and diversity trends comparable [48]; the exponentiated
Shannon-Wiener index will be considered as a measure of
“diversity” that reflects different ecological processes from
“richness” [49]. Evenness was calculated by dividing diversity
with richness (evenness = diversity/richness); this achieves
mathematical independence of evenness from richness [50].
Repeated measures analysis of variance (rm-ANOVA) was
conducted using Statistica v.5 (Statsoft Inc, Tulsa, OK, USA) to
test for differences in these community metrics between the
wet and dry state. We tested for the effects of “State” (wet vs
dry), “Time” (24 sampling months in each state) and their
interactions, using the sites (PG, MM, and PN) as independent
replicates. “State” and “Time” comprised the independent
variables while the community metrics comprised the
dependent variables in the analysis. All data were log-
transformed when necessary prior to analyses to fulfill the
requirements of parametric tests. Because sphericity
assumptions were violated in some comparisons, degrees of
freedom (d.f.) were adjusted [51] to obtain more accurate
significance levels (note that d.f. can be expressed as decimals
as a result of this correction procedure). Inference was made at
P < 0.05. Because our design was unbalanced due to the lack
of PG samples during the wet state, we calculated rm-ANOVA
models based on Type III sums of squares. We consider
significant interaction terms between “State” x “Time” crucial for
inferring differences in phytoplankton community metrics
between the wet and dry state. If the studied metrics of
phytoplankton community structure differ between states, these
terms will be significant.
Time series modeling – To assess patterns and scales of
phytoplankton fluctuations, we constructed time series models
based on redundancy analysis (RDA) [16]. We used temporal
variables extracted by AEM analysis (Asymmetric Eigenvector
Maps, [52-54]). Details of all steps in the analyses are in
Appendix S2. Briefly, the AEM analysis produces a set of
orthogonal temporal variables that are derived from the linear
time vector that comprises the length of the study period (i.e.,
24 equidistant time steps that comprise the temporal window
for phytoplankton community dynamics in each state; wet and
dry) and that can be used as explanatory variables to model
temporal relationships in community data. The type of AEM
variables computed in the present study was designed for
Alternative States and Resilience
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spatial analysis to account for linear trends in the response
variables. Because time comprises a directional process, AEM
is more suitable for modeling linear trends relative to other
methods (Principal Coordinates of Neighbor Matrices, PCNM;
Moran Eigenvector Maps, MEM; [52-54]). This procedure
yielded a total of 12 AEM variables with positive eigenvalues,
each of which corresponds to a specific temporal structure and
scale in the phytoplankton dynamics: the first AEM variable
models linear trends and the subsequent variables capture
temporal variability from slow to increasingly shorter fluctuation
Figure 1.  Location of the Las Tablas de Daimiel floodplain wetland, a National Park in central Spain (a), and clearly
discernable hydrological states, revealed by regime shift detection (b).  Shown are the patterns of flooded area (grey line)
between 1996 and 2003, state transitions (black line), and the periods covered for analyses of phytoplankton community structure
(horizontal black bars) in the wet and dry state.
doi: 10.1371/journal.pone.0077338.g001
Alternative States and Resilience
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frequencies in the community data over the 24-month study
period in each hydrological state (see 52; Appendix S2). Note
that in our study the shortest fluctuation frequency captures
monthly variation given that phytoplankton has been sampled
once per month. For each state (wet, dry), we constructed a
parsimonious temporal model for phytoplankton community
dynamics at each site by running a forward selection on the
AEM variables. Because AEM analysis is efficient in covering
linear trends no detrending of models was necessary.
The RDA retains significant AEM variables and these are
linearly combined in ways to extract temporal patterns from the
Hellinger-transformed species matrices; that is, the RDA
identifies species with similar temporal patterns in the species
time matrix and uses their temporal patterns to calculate a
modeled species group trend for these species based on
linearly combined AEMs. The significance of the temporal
patterns of all modeled fluctuation patterns of species groups
revealed by the RDA is tested by means of permutation tests.
The RDA relates each modeled temporal fluctuation pattern
with a significant canonical axis. The R software generates
linear combination (lc) score plots, which visually present the
modeled temporal patterns of species groups that are
associated with each canonical axis. Counting the number of
significant canonical axes, the cross-scale aspect of community
dynamics important for resilience can be quantified.
All relevant steps in the analyses are carried out with two
functions implemented in R 2.15.1 statistical software package
[55]. First, the conversion of the linear time vector to AEM
variables is done using the “aem.time” function (AEM
package). This function accounts for the connectivity of linear
time steps, and a connectivity matrix, which needs to be
calculated in spatial analysis, especially in hierarchical or
dendritic designs [52-54], is therefore not necessary in time
series analysis. All remaining steps (calculation of modeled
species group trends, visual presentation of the results in form
of lc score plots) are carried out with the “quickPCNM” function
(PCNM package). The calculations are therefore based
exclusively on an automatic statistical procedure, thereby
avoiding potential researcher-induced bias in model
construction.
The scale-specific relevance of taxon richness, i.e. the
within-scale aspect of resilience, was evaluated using
correlation analyses. We used Spearman rank correlation
analyses, relating the raw biovolume data of individual
phytoplankton taxa with the modeled species group patterns, to
assess scale-specific taxon richness. We also evaluated the
number of species with presumably stochastic dynamics (that
is, those that were not associated with any significant canonical
axis) by subtracting the sum of species that correlated with
canonical axes from the total number of species used for time
series modeling for each site (PG, MM, PN) and state (wet,
dry). In and of itself, discerning between species that explain
the dominant temporal frequencies from stochastic species in a
system is critical, because it allows us to separate patterns of
cyclic change from stochastic noise, providing a more refined
view of the contribution of species richness to within and cross
scale reinforcement of processes (feedbacks) and thus
resilience.
Results
Hydrological patterns
Clear seasonal patterns in flooded area, with high flooded
area in spring and lower water levels in summer, autumn and
winter, were discerned between 1996 and 2002, showing the
typical seasonally recurrent wet-dry phases in semiarid
wetlands (Figure 1b). However, two distinct hydrological
periods were identified on a supraseasonal scale, based on
threshold detection using the STARS algorithm, one associated
with very high water levels in the floodplain from 1997 to 1999
(wet state) and a second with low water levels during a
supraseasonal drought (dry state) starting approximately by
mid 1999 (Figure 1b).
Temporal patterns of community metrics
Based on community metrics (richness, diversity, evenness
and total biovolume), different temporal patterns were present
in the wet and dry states (Figure 2). Richness and diversity had
different temporal patterns during both states, with higher
between-year variability in the wet state (higher in 1997; lower
in 1998) compared to the dry state where fluctuation patterns
were similar between both years of study (Figure 2). On
average, richness and diversity were higher whilst evenness
was lower during the dry compared to the wet state (Figure 2),
highlighting a different phytoplankton community structure
between states. A significant interaction term was found for
richness, diversity and evenness metrics (Table 1), highlighting
that sites differ in their average richness, diversity and
evenness and in their temporal patterns during both states
(Figure 2). Total biovolume had similar temporal patterns
across sites and these were not significantly different between
both states (Table 1).
Time series modeling
Assessing the temporal structure of phytoplankton in both
states using time series modeling, we found contrasting
patterns of scale-specific variability across the sites. During the
wet state, the temporal dynamics of phytoplankton at the MM
and PN sites showed diverse patterns of temporal variability,
manifested in 5 (MM) and 3 (PN) distinct frequency patterns
during the 24-month period. This identified groups of species
within the phytoplankton community that had fluctuation
patterns at distinct temporal scales (Figure 3). These scales
usually covered between-year variability at canonical axes 1
and 2 (RDA 1 and RDA 2, Figure 3) that indicate slower
temporal dynamics at these scales, and elements of faster
change reflected by a stronger component of within-year
variability at the remaining axes during the 24-months period
(Figure 3). No clear patterns in the number of species
contributing to these patterns (i.e. within-scale distribution of
species) between states could be discerned (Table 2). The
fluctuation patterns associated with RDA 1 were explained by
15 (MM) and 3 (PN) species in the wet state; in the dry state it
was 14 (PG), 8 (MM) and 3 (PN) species. RDA 2 patterns were
explained by 6 (MM) and 10 (PN) species in the wet state and
4 (PG), 5 (MM) and 10 (PN) species in the dry state. No
comparisons could be made for the other canonical axes
Alternative States and Resilience
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because these were not significant in the models of the dry
state (see below; Table 2).
Time series modeling also revealed different patterns of
temporal structure between both states (Figure 3). All sites had
Figure 2.  Temporal patterns of phytoplankton community metrics (taxon richness, exponentiated Shannon-Wiener
diversity, evenness, and total biovolume) for the three study sites in the wet (left column) and dry (right column) state.  
doi: 10.1371/journal.pone.0077338.g002
Alternative States and Resilience
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temporal fluctuation patterns at two temporal scales in the dry
state. For the MM and PN sites this means a decrease in
temporal diversity patterns in the dry relative to the wet state
(i.e., a lower cross-scale structure). Slow temporal patterns,
reflecting mainly between-year variability characterized the
dominant phytoplankton dynamics across site, while shorter-
term fluctuations (within-year variability) were less important in
the dry relative to the wet period. This is also reflected in the
individual AEM variables retained in the RDA models after
forward selection; that is, variables indicating faster patterns of
change (e.g., AEM 9) were not selected for the dry state in MM
and PN (Appendix S3).
Differences between the wet and dry states were also
evident in terms of the strength of the reduced RDA models
that provide insight into the relative importance of deterministic
vs stochastic processes mediating community assembly. The
explanatory power of the RDA models, derived from all
significant and insignificant RDA axes, was higher for MM
(adjusted R2 = 0.391) and PN (0.369) in the wet state, reflecting
a higher deterministic component in community dynamics. In
the dry state the strength of models decreased in MM (0.196)
and PN (0.264), and in PG it was 0.217, suggesting increasing
stochasticity. This trend was also reflected in the percentage of
species that did not correlate significantly with the temporal
frequency patterns identified in MM and PN (Table 2).
Discussion
Alternative states theory posits that the ecological structure,
functions and processes differ between states (e.g., [4]). Early
Table 1. Results of repeated measures ANOVA contrasting
univariate community metrics (richness, diversity,
evenness, total biovolume) between states (wet vs dry),
time (24 months) and their interactions.
Metrics Statistics States Time States x Time
Richness d.f. 1, 3 7.49, 22.46 7.49, 22.46
 MS 1499.34 53.68 48.27
 F 11.58 3.89 3.50
 P 0.042 0.006 0.01
Diversity d.f. 1, 3 23, 69 23, 92
 MS 31.59 9.953 11.772
 F 1.144 1.798 2.126
 P 0.363 0.033 0.007
Evenness d.f. 1, 3 18.81, 56.43 15.86, 63.44
 MS 0.789 0.03 0.03
 F 51.65 2.003 2.072
 P 0.006 0.023 0.018
Total biovolume d.f. 1, 3 2.92, 8.77 2.92, 8,77
 MS 0.438 0.834 0.224
 F 1.099 1.121 0.302
 P 0.372 0.391 0.999
Shown are degrees of freedom (d.f.; Huynh-Feldt corrected), mean squares (MS),
sources of variation (F), and significance levels (P). Significant terms are
highlighted in bold.
doi: 10.1371/journal.pone.0077338.t001
warning statistics have been developed in recent years to
assess when the resilience of one state erodes and a shift to
another state occurs [56-59]. However, an estimation of the
resilience of alternative states that emerges from the structure,
functions and processes that define these states has remained
elusive and methodologically challenging. We used time series
modeling to reveal patterns of fluctuation frequencies of
phytoplankton at independent temporal scales in contrasting
wet-dry states of a semiarid floodplain. In turn, the patterns of
within-scale (species richness compartmentalized by scale)
and cross-scale (temporal scales of fluctuations patterns)
structure identified allowed for an assessment of critical
components of resilience and provided insight into the dynamic
structure of phytoplankton communities in these states.
Although our approach allowed us to study causal effects of
non-linear hydrological patterns on phytoplankton communities
that are relevant for understanding ecohydrological processes
in wetlands [60,61], our approach limited an assessment of
non-linear processes triggering phytoplankton changes
between the wet and dry state. Notwithstanding, our approach
shows how community dynamics can be inferred under
contrasting ecological conditions and is therefore also suitable
for assessing the relative resilience of alternative states in
ecosystems and other complex systems.
Given the strong impacts of hydrological disturbance on
floodplain communities [62], it may not be surprising that
phytoplankton dynamics differed between wet and dry states,
thereby supporting also our hypothesis. We found that RDA
models for the dry state did not select AEM variables indicating
short-term fluctuations, suggesting that slower dynamics
increase in relative importance in the dry relative to the wet
state. Because the time series models were constructed from
24 time steps (months) for both states the differences observed
are not confounded by unequal sampling frequencies and
lengths of study periods. Jiang et al. [63] have shown that
patterns of cyclic dynamics differ between alternative states,
and that these dynamics emerge through biological variables
(e.g., priority effects). Although our observational study
precludes an assessment of biological interaction as the
mechanism shaping the fluctuation patterns, abiotic factors
cannot be ruled out. In the absence of flood pulsing, droughts
have been considered as a disturbance that slowly increases in
magnitude over time (i.e., a ramp disturbance) [24], influencing
communities through decreased habitat availability, increasing
heat stress, altered trophic conditions and resource competition
[25]. Thus, the slowed dynamics during drought might arise
from complex community responses to slow external factors
(e.g. heat) rather than recurrent, seasonal flood disturbance.
Regarding resilience, model analysis has shown that slower
dynamics can have a stabilizing effect of transitional dynamics
and retard the return to stable alternative states following
disturbance [64]. While this suggests that slow dynamics can
increase resilience, we acknowledge that resilience is
characterized by many attributes [41], and our study shows that
several of these attributes of resilience should be assessed
simultaneously to increase inference. Our time series modeling
approach not only allowed assessing dominant fluctuation
patterns of phytoplankton but also how patterns were
Alternative States and Resilience
PLOS ONE | www.plosone.org 7 October 2013 | Volume 8 | Issue 10 | e77338
compartmentalized by scale, a critical attribute of resilience
[11]. In turn, this helped us evaluate the role of species
richness mediating resilience.
Increased resilience has been associated with a higher
species richness and diversity in communities [19,20]. Species
richness and diversity were higher during the dry compared to
the wet state in this study [40]. However, our time series
models suggest that resilience in the dry state may not have
been necessarily higher. While the within-scale aspect of
resilience did not show any clear differences between the wet
and the dry state because the number of species at each scale
was similar across the models, we found clear differences in
the cross-scale structure. The number of dominant fluctuation
patterns of phytoplankton or temporal scales was lower in the
dry relative to the wet state. Theory and empirical studies have
related resilience to the number of scales present in a system
[12,65,66], assuming that resilience is increased with a higher
cross-scale structure, thereby contributing to strengthen
feedbacks through a stronger reinforcement of processes
across scales. Because the number of temporal scales was
reduced during the drought relative to the wet state, we can
interpret this as a decreased cross-scale reinforcement of
dynamics and thus lower resilience of phytoplankton
communities in the dry state. Not only is this decreased
resilience in agreement with the interpretation that drought
comprises a perturbation for ecological communities [26,27], it
also highlights a paradox: increased species richness may not
necessarily increase resilience through a cross-scale
reinforcement of patterns. This paradox can be further
scrutinized with the number of species with stochastic
dynamics identified by the time series models.
Figure 3.  Time series models showing modeled fluctuation frequencies of groups of phytoplankton species at different
temporal scales (RDA axes) at the three study sites (a, PG; b, MM, c, PN) during the wet and dry states.  Shown are the
patterns based on linear combination (Lc) scores of significant Asymmetric Eigenvector Maps (AEM) variables. The explanatory
power of each axis (adjusted R2) is given in parentheses.
doi: 10.1371/journal.pone.0077338.g003
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The number of species with apparently stochastic dynamics
was on average higher in the dry compared to the wet state.
Although inference is limited in our study because we could
only compare a few sites, our results are consistent with other
studies that have shown an increased component of stochastic
community assembly during drought [26,27]. Also, the lower
explanatory power of some statistical models of the dry state,
highlighting increased stochasticity, is in agreement with this
interpretation. If resilience is apparently reduced in the dry
state, which role do species with stochastic patterns play in
alternative states?
With the exception of a single study within an engineering
resilience context [67], the role of stochastic processes in
resilience research has not been explored. Stochastic patterns
may be found in some rare taxa (with low abundances).
Numerically rare species may have a significant role as they
may increase in abundance following disturbance and thereby
sustain important functions when dominant species are
removed or novel conditions introduced [68]. However, the
importance of rare species is easy to overlook, because the
strength of ecological patterns is related to more dominant
species. In time series models, the within and cross scale
patterns identified are comprised of the temporal dynamics of
these dominant species. However, when environmental
conditions change, i.e. after regime shifts when ecosystems
reorganize in alternative system states, rare species with
apparently stochastic dynamics may become abundant and
determine the within and cross scale structures in the new
state. Thus, species with stochastic dynamics may not
contribute to resilience per se in a specific state by means of a
within and cross scale reinforcement of patterns but rather
provide another critical component that influences the capacity
of reorganization (i.e. adaptive capacity). Because our aims
were to assess within and cross-scale structures mediating
resilience a quantification of the adaptive capacity facet was
beyond the scope of this study. However, our study makes
clear how the role of species richness can be scrutinized if
Table 2. Number of species correlating with significant
canonical (RDA) axes revealed by Spearman rank
correlation analyses, and the number of species that were
not significantly correlated with any RDA axis (“Stochastic”).
 Wet state MM PN Dry state PG MM PN
RDA 1 15(30) 3(8) 14(19) 8(11) 3(4)
RDA 2 6(12) 10(26) 4(6) 5(7) 10(14)
RDA 3 2(4) 2(5) --- --- ---
RDA 4 8(16) --- --- --- ---
RDA 5 4(8) --- --- --- ---
Stochastic 15(30) 24(62) 44(61) 59(82) 68(94)
Total 50 39 62 72 81
Shown are also the total number of species in the communities (“Total”). Values in
parentheses show percentages from that total. Values are given only for RDA axes
that were significant (see Figure 3).
doi: 10.1371/journal.pone.0077338.t002
partitioned into patterns that reflect both the dynamic system
structure at different scales and random noise. These patterns
can be further explored for gaining a more process-based
understanding of the role of species when ecosystems and
communities re-organize in alternative states.
We conclude by highlighting the implications of our results
for assessing resilience of ecological systems. The distribution
and redundancies of functional attributes of species within and
between scales or the capacity of organisms within functional
groups to respond to disturbance (response diversity) critically
mediate the overall resilience of ecological systems [11,12,69].
Assessing these functional distributions will require a sound
estimate of the underlying scale-specific structure related to
species distributions. The use of multivariate time series
modelling is straightforward because it makes rates of
environmental change at distinct temporal scales tractable,
making possible inference regarding the relative resilience of
ecological systems from a dynamic perspective. There is
concern that current rates of anthropogenic impact will increase
the incidence and frequency of regime shifts in ecological and
combined social-ecological systems, with many of the new
states providing fewer goods and services to humanity [19,37].
Using phytoplankton community dynamics in wet and dry
states of a floodplain, our results show that the dynamic system
structure necessary for understanding resilience can differ
substantially between states. This highlights the usefulness of
time series modeling to infer the relative resilience of
alternative states across ecological systems and other complex
systems with known histories of regime shifts when adequate
time series data are available for analysis.
Supporting Information
Appendix S1.  Assessment of alternative wet-dry states in
the wetland.
(DOCX)
Appendix S2.  Flow chart outlining the steps involved in
time series modeling.
(DOCX)
Appendix S3.  Asymmetric Eigenvector Maps (AEM)
variables selected by Redundancy Analysis.
(DOCX)
Acknowledgements
The authors are grateful for the constructive criticism received
by two anonymous reviewers that helped improve the paper.
Author Contributions
Conceived and designed the experiments: DGA. Performed the
experiments: MAC CR MAR SSC. Analyzed the data: DGA.
Contributed reagents/materials/analysis tools: MAC CR MAR
SSC. Wrote the manuscript: DGA CRA.
Alternative States and Resilience
PLOS ONE | www.plosone.org 9 October 2013 | Volume 8 | Issue 10 | e77338
References
1. Walker B, Holling CS, Carpenter SR, Kinzig A (2004) Resilience,
adaptability and transformability in social-ecological systems. Ecol Soc
9: 5. Available: http://www.ecologyandsociety.org/vol9/iss2/art5/.
Accessed 2013 January 27.
2. Holling CS (1973) Resilience and stability of ecological systems. Annu
Rev Ecol Syst 4: 1–23. doi:10.1146/annurev.es.04.110173.000245.
3. Scheffer M, Carpenter SR, Foley JA, Folke C, Walker B (2001)
Catastrophic shifts in ecosystems. Nature 413: 591–596. doi:
10.1038/35098000. PubMed: 11595939.
4. Beisner BE, Haydon DT, Cuddington K (2003) Alternative stable states
in ecology. Front Ecol Environ 1: 376–382. doi:
10.1890/1540-9295(2003)001[0376:ASSIE]2.0.CO;2.
5. Scheffer M, Hosper SH, Mejer M-L, Moss B, Jeppesen E (1993)
Alternative equilibria in shallow lakes. Trends Ecol Evol 8: 275–279.
doi:10.1016/0169-5347(93)90254-M. PubMed: 21236168.
6. Schröder A, Persson L, De Roos AM (2005) Direct experimental
evidence for alternative stable states: a review. Oikos 110: 3–19. doi:
10.1111/j.0030-1299.2005.13962.x.
7. Holling CS (1992) Cross-scale morphology, geometry, and dynamics of
ecosystems. Ecol Monogr 62: 447–502. doi:10.2307/2937313.
8. Allen CR, Garmestani AS, Havlicek TD, Marquet PA, Peterson GD et
al. (2006) Patterns in body mass distributions: sifting among alternative
hypotheses. Ecol Lett 9: 630–643. doi:10.1111/j.
1461-0248.2006.00902.x. PubMed: 16643307.
9. Angeler DG, Göthe E, Johnson RK (2013) Hierarchical dynamics of
ecological communities: do scales of space and time match? PLOS
ONE 8(7): e69174. doi:10.1371/journal.pone.0069174. PubMed:
23874905.
10. Gunderson LH, Holling CS (2002) Panarchy: understanding
transformations in human and natural systems. Island Press.
11. Peterson GD, Allen CR, Holling CS (1998) Ecological resilience,
biodiversity, and scale. Ecosystems 1: 6–18. doi:10.1007/
s100219900002.
12. Allen CR, Gunderson L, Johnson AR (2005) The use of discontinuities
and functional groups to assess relative resilience in complex systems.
Ecosystems 8: 958–966. doi:10.1007/s10021-005-0147-x.
13. Angeler DG, Allen CR, Johnson RK (2013) Measuring the relative
resilience of subarctic lakes to global change: redundancies of
functions within and across temporal scales. J Appl Ecol 50: 572–584.
doi:10.1111/1365-2664.12092.
14. Allen CR, Holling CS (2008) Discontinuities in ecosystems and other
complex systems. Columbia University Press.
15. Stow C, Allen CR, Garmestani AS (2007) Evaluating discontinuities in
complex systems: toward quantitative measures of resilience. Ecol Soc
12: 26. Available: http://www.ecologyandsociety.org/voll2/issl/art26/.
Accessed 2013 January 13.
16. Angeler DG, Viedma O, Moreno JM (2009) Statistical performance and
information content of time lag analysis and redundancy analysis in
time series modeling. Ecology 90: 3245–3257. doi:10.1890/07-0391.1.
PubMed: 19967879.
17. Angeler DG, Drakare S, Johnson RK (2011) Revealing the organization
of complex adaptive systems through multivariate time series modeling.
Ecol Soc 16(3): 5.
18. Ives AR, Dennis B, Cottingham KL, Carpenter SR (2003) Estimating
community stability and ecological interactions from time-series data.
Ecol Monogr 73: 301–330. doi:
10.1890/0012-9615(2003)073[0301:ECSAEI]2.0.CO;2.
19. Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T et al. (2004)
Regime shifts, resilience, and biodiversity in ecosystem management.
Annu Rev Ecol Evol Syst 35: 557–581. doi:10.1146/annurev.ecolsys.
35.021103.105711.
20. Downing AS, van Nes EH, Mooij WM, Scheffer M (2012) The resilience
and resistance of an ecosystem to a collapse of diversity. PLOS ONE
7(9): e46135. doi:10.1371/journal.pone.0046135. PubMed: 23029410.
21. Sasaki T, Lauenroth WK (2011) Dominant species, rather than
diversity, regulates temporal stability of plant communities. Oecologia
166: 761–768. doi:10.1007/s00442-011-1916-1. PubMed: 21279386.
22. Mitsch WJ, Gosselink JG (2000) Wetlands, 3rd edn. Wiley & Sons.
23. Sánchez-Carrillo S, Angeler DG, Sánchez-Andrés R, Alvarez-Cobelas
M, Garatuza J (2004) Evapotranspiration in semiarid wetlands:
relationships between inundation and the macrophyte cover:open water
ratio. Adv Water Resour 27: 643-655. doi:10.1016/j.advwatres.
2004.02.018.
24. Lake PS (2000) Disturbance, patchiness, and diversity in streams. J
North American Benthological Society 19: 573–592. doi:
10.2307/1468118.
25. Bond NR, Lake PS, Arthington AH (2008) The impacts of drought on
freshwater ecosystems: an Australian perspective. Hydrobiologia 600:
3–16. doi:10.1007/s10750-008-9326-z.
26. Newberry DM, Lingenfelder M (2009) Plurality of tree species
responses to drought perturbation in Bornean tropical rain forests. Plant
Ecol 201: 147–167. doi:10.1007/s11258-008-9533-8.
27. Kreyling J, Jentsch A, Beierkuhnlein C (2011) Stochastic trajectories of
succession initiated by extreme climatic events. Ecol Lett 14: 758–764.
doi:10.1111/j.1461-0248.2011.01637.x. PubMed: 21624029.
28. Gasith A, Resh VH (1999) Streams in Mediterranean climate regions:
abiotic influences and biotic responses to predictable seasonal events.
Annu Rev Ecol Evol Syst 30: 51–81. doi:10.1146/annurev.ecolsys.
30.1.51.
29. Heinrich G, Gobiet A (2012) The future of dry and wet spells in Europe:
a comprehensive study based on the ENSEMBLES regional climate
models. Int J Climatol 32: 1951-1970. doi:10.1002/joc.2421.
30. Trenberth KE (2011) Changes in precipitation with climate change.
Clim Res 47: 123-138. doi:10.3354/cr00953.
31. Yang T, Wang X, Zhao C, Chen X, Yu Z et al. (2011) Changes of
climate extremes in a typical arid zone: Observations and multimodel
ensemble projections. J Geophys Res-Atmos 116: D19106. doi:
10.1029/2010JD015192.
32. Ireland AW, Booth RK, Hotchkiss SC, Schmitz JE (2012) Drought as a
trigger for rapid state shifts in kettle ecosystems: Implications for
ecosystem responses to climate change. Wetlands 32: 989–1000. doi:
10.1007/s13157-012-0324-6.
33. Loverde-Oliveira SM, Huszar VLM, Mazzeo N, Scheffer M (2009)
Hydrology-driven regime shifts in a shallow tropical lake. Ecosystems
12: 807-819. doi:10.1007/s10021-009-9258-0.
34. Foti R, del Jesus M, Rinaldo A, Rodriguez-Iturbe A (2012) Hydroperiod
regime controls the organization of plant species in wetlands. Proc Natl
Acad Sci U_S_A 109: 19596-19600. doi:10.1073/pnas.1218056109.
PubMed: 23150589.
35. Bogan MY, Lytle DA (2011) Severe drought drives novel community
trajectories in desert stream pools. Freshw Biol 56: 2070-2081. doi:
10.1111/j.1365-2427.2011.02638.x.
36. Ireland AW, Booth RK (2011) Hydroclimatic variability drives episodic
expansion of a floating peat mat in a North American kettlehole basin.
Ecology 92: 11-18. doi:10.1890/10-0770.1. PubMed: 21560671.
37. Hughes TP, Carpenter S, Rockström J, Scheffer M, Walker B (2013)
Multiscale regime shifts and planetary boundaries. Trends Ecol Evol
28: 389-395. doi:10.1016/j.tree.2013.05.019. PubMed: 23769417.
38. Sánchez-Carrillo S, Angeler DG (2010) Ecology of threatened semiarid
wetlands: long-term research in Las Tablas de Daimiel. Springer
Verlag.
39. Angeler DG, Alvarez-Cobelas M, Rojo C, Sánchez-Carrillo S (2000)
The significance of water inputs to plankton biomass and trophic
relationships in a semi-arid freshwater wetland (central Spain). J
Plankton Res 22: 2075-2093. doi:10.1093/plankt/22.11.2075.
40. Rojo C, Álvarez-Cobelas M, Benavent-Corai J, Barón-Rodríguez MM,
Rodrigo MA (2012) Trade-offs in plankton species richness arising from
drought: a long-term study in a National Park wetland (Central Spain).
Biodivers Conserv 21: 2453–2476. doi:10.1007/s10531-012-0307-1.
41. Carpenter S, Walker B, Anderies JM, Abel N (2001) From metaphor to
measurement: resilience of what to what? Ecosystems 4: 765–781. doi:
10.1007/s10021-001-0045-9.
42. Connell JH, Sousa WP (1983) On the evidence needed to judge
ecological stability or persistence. Am Nat 121: 789–824. doi:
10.1086/284105.
43. Seekell DA, Cline TJ, Carpenter SR, Pace ML (2013) Evidence of
alternate attractors from a whole-ecosystem regime shift experiment.
Theoretical Ecol 6: 385-394. doi:10.1007/s12080-013-0183-7.
44. Sandgren CD (1988) Growth and Reproductive Strategies of
Freshwater Phytoplankton. Cambridge University Press.
45. Rodionov SN (2004) A sequential algorithm for testing climate regime
shifts. Geophys Res Lett 31: L09204. doi:10.1029/2004GL019448.
46. Rojo C, Ortega-Mayagoitia E, Álvarez-Cobelas M (2000) Lack of
phytoplankton assemblage pattern. Or what does the exception to the
rule mean? Hydrobiologia 424: 133–139. doi:10.1023/A:
1003917414959.
47. Hillebrand H, Dürselen C, Kirschtel D, Pollingher U, Zohary T (1999)
Biovolume calculation for pelagic and benthic microalgae. J Phycol 35:
403–424. doi:10.1046/j.1529-8817.1999.3520403.x.
48. Jost L (2007) Partitioning diversity into independent alpha and beta
components. Ecology 88: 2427–2439. doi:10.1890/06-1736.1. PubMed:
18027744.
Alternative States and Resilience
PLOS ONE | www.plosone.org 10 October 2013 | Volume 8 | Issue 10 | e77338
49. Tuomisto H (2010) A diversity of beta diversities: straightening up a
concept gone awry. Part 1. Defining beta diversity as a function of
alpha and gamma diversity. Ecography 33: 2–22. doi:10.1111/j.
1600-0587.2009.05880.x.
50. Tuomisto H (2012) An updated consumer’s guide to evenness and
related indices. Oikos 121: 1203–1218. doi:10.1111/j.
1600-0706.2011.19897.x.
51. Huynh H, Feldt LS (1976) Estimation of the Box correction for degrees
of freedom from sample data in the randomized block and split plot
design. J Educ Behav Statist 1: 69–82. doi:10.2307/1164736.
52. Blanchet FG, Legendre P, Borcard D (2008) Modelling directional
spatial processes in ecological data. Ecol Modell 215: 325–336. doi:
10.1016/j.ecolmodel.2008.04.001.
53. Blanchet FG, Legendre P, Maranger R, Monti D, Pepin P (2011)
Modelling the effect of directional spatial ecological processes at
different scales. Oecologia 166: 357–368. doi:10.1007/
s00442-010-1867-y. PubMed: 21170750.
54. Borcard D, Gillet F, Legendre P (2011) Numerical Ecology with R.
Springer Verlag.
55. R Development Core Team (2012) R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing. ISBN 3-900051-07-0. Retrieved onpublished at whilst
December year 1111 from http://cran.r-project.org. Accessed 2012
June 9.
56. Van Nes EH, Scheffer M (2007) Slow recovery from perturbations as a
generic indicator of a nearby catastrophic shift. Am Nat 169: 738-747.
doi:10.1086/516845. PubMed: 17479460.
57. Carpenter SR, Cole JJ, Pace ML, Batt R, Brock WA et al. (2011) Early
warnings of regime shifts: A whole-ecosystem experiment. Science
332: 1079-1082. doi:10.1126/science.1203672. PubMed: 21527677.
58. Veraart AJ, Faassen EJ, Dakos V, van Nes EH, Lürling M et al. (2012)
Recovery rates reflect distance to a tipping point in a living system.
Nature 481: 357–359.
59. Seekell DA, Carpenter SR, Cline TJ, Pace ML (2012) Conditional
heteroskedasticity forecasts regime shift in a whole-ecosystem
experiment. Ecosystems 15: 741-747. doi:10.1007/s10021-012-9542-2.
60. Peterson TJ, Argent RM, Western AW, Chiew FHS (2009) Multiple
stable states in hydrological models: An ecohydrological investigation.
Water Resour Res 45: W03406.
61. Peterson TJ, Western AW, Argent RM (2012) Analytical methods for
ecosystem resilience: a hydrological investigation. Water Resour Res
48: W10531.
62. Middleton B (1999) Wetland restoration: flood pulsing and disturbance
dynamics: Wiley.
63. Jiang L, Joshi H, Flakes SK, Jung Y (2011) Alternative community
compositional and dynamical states: the dual consequences of
assembly history. J Anim Ecol 80: 577–585. doi:10.1111/j.
1365-2656.2010.01799.x. PubMed: 21226710.
64. Van Geest GJ, Coops H, Scheffer M, van Nes EH (2007) Long
transients near the ghost of a stable state in eutrophic shallow lakes
with fluctuating water levels. Ecosystems 10: 36–46.
65. Garmestani AS, Allen CR, Gunderson L (2009) Panarchy:
discontinuities reveal similarities in the dynamic system structure of
ecological and social systems. Ecol Soc 14(1): 15. Available: http://
www.ecologyandsociety.org/vol14/iss1/art15/. Accessed 2013 January
27.
66. Angeler DG, Allen CR, Johnson RK (2012) Insight on invasions and
resilience derived from spatiotemporal discontinuities at local and
regional scales. Ecol Soc 17(2): 32. Available doi:10.5751/
ES-04928-170232. Accessed 2013 January 25
67. Ives AR (1995) Measuring resilience in stochastic systems. Ecol
Monogr 65: 217–233. doi:10.2307/2937138.
68. Walker B, Kinzig A, Langridge J (1999) Plant attribute diversity,
resilience, and ecosystem function: The nature and significance of
dominant and minor species. Ecosystems 2: 95-113. doi:10.1007/
s100219900062.
69. Elmqvist T, Folke C, Nyström M, Peterson G, Bengtson J et al. (2003)
Response diversity, ecosystem change and resilience. Front Ecol
Environ 1: 488–494. doi:
10.1890/1540-9295(2003)001[0488:RDECAR]2.0.CO;2.
Alternative States and Resilience
PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | e77338
